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1. INTRODUCTION

We preseat in this paper results from Fermilab experiment E557 which studied
the production of high transverse energy eveats in pp collisions at an incident
monentum of 400 GeV/c. The goal of the experiment was to etudy productfon of
jete in hadron-hadron interactions by ewploying a trigger that required a large
amount of transverse energy (!t » =1pt| for relativisric particlea) to be deposited
tn a calotimeter with full szimuthal acceptance and latrge polar angle coverage.

(1 we showad that such a trigger selects avants that

In our previcus publication
do not exhibit clear jet structure. Our results, which coofirmed satrliar obser—

@ wera recently supported by results from two other
(3,4}

vations of de Marzo at al.,

parformed in the same énergy range. Experi-
(6,7)

latge acceptance experiments

(4,5 have established unambi-

nents at tha CERN ISR and at the SPS collider
guously copious production of jets in hadronic collisions at ceater of mass
enargies, /%, above 40 GeV, This suggests that large acceptance triggers, which
sdequately selact jats at large /3, wust at lower snergies be complemented by
additional constraints imposed on the data.

It is of incerest to extend the eaergy range of jet studies to lower energies
to underetand how competing mechanieme obscure the jet signal when large accept~
ance triggers are used. With these aims in mind we have analyzed our data using
relatively unbiased mathods to select Jet signals at lower energles.

The paper 1is organized as follows. Datalls of the apparatus aad the triggers
that were uged arm given in Section 2. The analysis of the cllo}:hnter responde

ts discussed in Section 3. In Section 4 we present ylelds as a fumction of Et.

for various triggers. Genersl properties of the data ara discussed in Section 5.

In Saction 6 we describe the sesrch for jet-like atructures in che daca and
discusse possible explanations for the fallure of the large scceptance trigger
to select jJets and present resulra of analyses of events selectad by various
hardware triggers and software cuts. In Section 7 we discuss the properties of
the jet-like events selected in the previous eection. Our coaclusfona are pre—
santed in Section B,

Throughout this paper an emphasis will be put on new experimental results.
However to illustrate the trends obmerved in the data we will accaaionally com-
pare the dats with the predictions of two different models: a Longitudinal Phase
Space model (LPS) and a QCD-gluon bremsstrahlung model (QCD).(B) The comparisons
will enable us to estimace the effects of energy-mowentum condetvation in large
muleiplicity events (comparison with the LPS model) aod to search for jet—like
structures in the data {comparison with the QCD model). We will limit model
comparison to the event structure only bacause of the large uncercainticies, both
experimental and theoretical, in the absolute normalization of crose eectioas.
The models are described in Sectiom 6.

2. AFPARATUS
The experimental procedure ae well as detaills of the apparatus have already

(1,9)

been dascribed in our previous publications. We dascribe here the main fea-

tures of the experiment trelevant to the present analysis.
The layout of the appacatus ls shown in Fig. 1. The experiment was performed
using 400 GeV diffractively produced protons in the M6W beam line at Fermilab.

(10)

The apparatue conslated of thea Fermilab multiparticle spectromater. A typical

bess intensity of 0.5 x 106 protons was apread over a 1.0s apill, which cccurred
once every 10 seconds. The beam was incident on a 43-cm H, target followed down~

p¢3?

stream by two interchangeable matal foils of Al, Cu or P sufficiently thin

that rescattering effects were negligible. Multiwire proporticoal chambers (34



planes of B500 wires) and magnetostrictive spark chambers (24 planes) datected
charged particles. Particle momenta were measured using a spectrometer magnet
that provided a 0.2 GeV/c Pe kick. Downatresm of the tracking chambers was placed

s 2.3 x 3.1 nt highly segmented calorme:er(u)

consisting of 280 modules arranged
fato thrae sections (see Fig. 1}. The upstresm section which coneisted of 126
lead-scintillator sandwiches (16 radiation lengthe, Lr’ and 0.8 absorption length,
L.) primarily measured the energy of electrons and photons (see Fig. 2). This
slactromagnetic section was follawed by two hadronic mections of 126 and 28 irom-
scintillsror sandwiches respectively (631.r and Tl'.:iLl combined}. The distancs from
the centar of the hydrogen target to the front face of the calorimeter was 9.4 m.
The energy resolution of the calorimeter was measured to be ¢/E = 0.2 /& for
elactrong and o/E = 0,7/vE for hadrons, whare the energy E is measured in GeV.(u)
The calorimetsr served both as & trigger (wee below) and as a detector of neutral
and charged particles (gee-Section 1.

The geommtrical acceptance of the apparatus was complete in azimuth for the
polar angle rlns|-59' < 8% ¢ 114* ae neasurad in the protooproton center—of-mass
tframe (Fig. 2a). The overall acceptance was estimated to be equivaleat to 2%
azimuthal acceptance for 47° < 0% ¢ 125%. This corresponds approximately to a
c.m. rapldity rangs, -0,65 < y* < 0.84.

The apparstus was triggered in several ways. First an inelastic collision
was detected by one of two mathode. An incident proton wae required to miss a
counter of 1 x 1 inch squared {designated 1 x 1 in Fig. 1) placed on the besm
line 7.5 maters downstream of the targat, or a large pulse height (3 2 tines
ainious lonizing) was required to be regietered in a counter (designated DEDX in
71g. 1) placed inmadiately downstresa of the target. This constituted the
“interacting-bean trigger™ and was eensitive to approximacely 90X of the total

inalastic pp cross section. Tha other triggers conslsted of this trigger with an

additional requirement that .al least a certain amount of transverse energy was
present in some preasat regien of the calorimeter. For all the triggera the inci-
dent proton was required to be unaccompanied by another beam particle within

£130 aw. Pulse height information from a scintillation counter was used to eli-
ainate rf buckets contalning more than gne particle. The rf buckets ware 2 us
wide and were sepavated by 20 ng. A final veto on a following iateraction occur-
ring within $#200 ns was impcsaed.

To form thes calorimeter transverse anergy trigger the output from each
wodule was weighted by the sine of tha polar angle that the module subtended at
the target. E: sums for several different configurations of calorimeter modules
ware formed simulatanecusly. Data from three configurations are presented in
this paper: full sximuthal acceptance (“global trigger™) and two limited Ag
small aperture with approximate acceptaoces of 7.8, 1.65 and 0.70 sr respectivaly
as measured in the protoo—proton center—of-mans frame (see tha shaded areas of
rig. 2b).

Data wera collected with several Er. thresholds for esch type of high Er.
trigger. The absolute Ec scale from the calorimeter was determined by calibracing
bafore and after the 1l8-day data run. In both casees a 20-GaV/c beam of electrons
and hadrons was directad into each module. A 10T shift in che reeponses of in—
dividusl modules typically occurred betwsen the two calibrations. This shift
was found to be coneistent with the results of a laser wonitoring syetem and with
the obsarved time dependence of trigger rates. The variation of module responses
was taken into account by assuming a linear dependenca of the module gains with
time batween the two calibrations runs. The response of the electromagnatic
saction of the calorimeter waas found to be 171 larger for incident electrons than
for hadrons. This aft’uct wa# included by organizing module responses into elec—

tromagnecic and hadronlc energy clusters (ses nexc Section).



In this analyeis the spectrometer was used only to determine the poaition
of the intsracticn vertex. The vertex resolution was ¢ = 4 mm as measured along
the incident beam direccion. This provided a clean hydrogen, ouclear-target
leparation.(g) The Et sums for & glven evear ware recalculated using the exact
vartex position. A Monte Carlo elsulation, based on the observed spectra of
particles, was employed to unfold the energy resolution, energy leakage and gran—
ularity of the calorimeter and to correct for the effects of the magnetic field.
The total uncertainty of the Et scale from the calibraticn and chese sources was
sntimated to be u(!t)/E: = t5%.

The pp interactions used in this analysis conelsted of (32, 16 and 6) x 103
svents taken with the ipteracting~besm, global and limited Ad triggers, reapect—
ively. They were selacted by raquiring an interaction vertex to be within the
40 cm long fiducial volume of the H2 target. In addition, the observad Et was
required to exceed the hardvare threshold by at least 1 GeV transverde energy.
The incegrated lusminosity for the global and limited A¢ trigger data sets was &
sad 2 nb-l, respactively.

3. ANALYSIS

Much of the analyeis presented in this paper was performad ueing the calori-
aster module cutputs directly. This was appropriate for atudying yields and
genaral avent structure. To perform more detalled studies (e.g. sultiplicity
of secondaries, jet reconstruction etc.) it wad necessary to organize che
responses of the calorimeter modules into enargy clusters henceforth known as
“calorimeter tracks™. The cluster forming algorithm firet combined the responsas
of corresponding alactromagnatic and hadronic modules to form reaponses of “duyl-
wodules”. The dual-moduls with the largdst vesponse was than found. This dual-
module, together with all adjacent dual-modules, formed a group whose responsas

contributad to the enargy of & cluster. Energy w‘s assigned to a cluster by com—

paring the actual energy deposition within the group with the predictions of a

shower linulatlou.(lz)

The center of a shower {cluster} was obrained by averaging
the positions of the centers of dual-modules within the group weighted by the
squares of their responses. The cluster was designated to be electromagnetic or
hadronic depeanding on ite energy deposition pattern in the electromagnetic aad
hadronic ¢alorimeters. Modules whose responses were badly inconsistent with the
predictions of the shower aimulaticn were removed from the group and a new pre-
diction was made., The difference batween the actual module responses and the
predictions from the shower simulation was then calculated and the procedure was
repeated for the next remaining dual-wmodule with the higheat energy. This proce~
dure was repeated until clusters with energy less than 1 GeV remained; these were
ignored. The effects of the systematic errors due to the cluster finding algorithm
are discussed in Section 5,

We have found the multiplicity of electromagnetic tracke sc formed to be
greater than half of the hadronic multiplicity. Electromagnetic tracks presumably
contain a mixture of resoclved photons apd unresolved neutral pions and hence are
unsuitable for calculating »* and n® wultiplicities. Therefore we do not compare
production rates for alectromagnatic tracks with the known v* and n* inclusive
cross sections; we will concentrate instead on the comparison of hadronic track
production rates.

Badronic tracks consiet malnly of charged pions with a few percent addition
of charged and neutral kaons. In Fig. 3 we compare tha Ec gpecttum of hadronic
calotimeter tracks detected between 60"and 120" 28 measured in the center-of-mass
frame with relevant inclusive cross seactions measured in other axpcriﬂents.(la'l‘)
The hadronic track data agree to within 20X with published cross mections over a
wide P, Taoge (0.5 € Pe < 5 GaV/c). This sgreemant gives us confidence in the

parformance of our cluster finding algorittm and ia the calibrated Ec scale of rha



sxperiment. In Fig. 4 we compare multiplicity distributions of the hadronic
tracks with charge particle data obtained in another pp experiment ueing a simi-
lar center~of-mass energy and an apparatus with a similar rapidity accepr.ance.u”
The difference between Ref. 15 data and E3357's dacta could be greatly reduced if
corrections were made for Ref. 15's incomplete azimuthal acceptance (90X of 2w}
and the detection of neutrons and Ki's in E557's calorimeter. We conclude that
typical hadronic multiplicities (of, say, 15) are known to $2, We also note that
there is no indication of subetantial merging of hadromic tracks in large multi-
plicicy u-um:--.

Even though electromagnetic tracks did not correspond to single photons, they
were still usded extensively to form variables that were not sensicive rto this
fact (eg. the Eformation of coral E:)'
&,  YIELDS

It has bsen previously shown that Et yields vary strongly with the sccep—

(X2 For those studies a large range of acceptances

tance of the apparactus.
wae used (7.8 < o* < 0.7 ar). In order to see if this trand still exista when

a small rlnge-of acceptances are usaed, the yields from the two limited A$ calori-
meter sectors (denoted A and B in Fig. 2b) are compared in Fig. 3. An increase
of a factor of 2.3 in accéptance causes & change of approximately 10 in yield.
Thia is an indication that tha secondaries hitting the caloriwmeter withio the
trigger acceptance are distributed throughout the entire aperture of the trigger-
ing sector and lirtle collimation of secondaries s occuring within Lt. There is
also no indication of the ylelds exhibiting a power—law dependence on Et. Such a
variation would be expected if & hard-scacttering proceas was dominating the pro—
duction machanism.

Yields for small accaptances were obtained by an alternative method uaing

solely the data obtalned when the global crigger was used. For each event the

17:t within the geometrical areas of Sectors A and B was calculated off-line.
Since the data were collected uasing varicus global Er. thresholds the number of
events within a given Et bin, dN/dBt. did not correspond to the measured croeés
saection doldEt. In order to restore this correapondence events ware glven ap~
propriate weights, w = (daldEt)/(dn/dEt). The results are shown in Fig. 6 whers
they are compared with the results presented in Pig., 5. Tha two sets of data
agree to wicthin a factor of -2, The tendency for the two dats sets to disagreas
at higher values of Et 1s probably due to the different methods for correcting
the raw data ylelds., The analysis of the hardware triggered data summed the
calorimeter module responses within the trigger sector. The observed yleld was
then corrected for esergy leakage ocut of and into the given sector. The size of
the corcection depended on the details of the shower simularions and oa the
asaumed distributian of secondaries. The corrsction was of a statiatical patura;
it could not ba applied to individual events. In cootrast to this the analysis
of the global dats used calorimeter tracks which were formed by gathering energy
from several modules. Occasionslly the anergy from & module outside a sector
would be umed to form a cluster whose center was within & sector. Similarly
energy from a module within a sector could be used to form a cluster whose center
was outside. In this case the energy leakage into and out of the sector was
corrected on an event by event basis.

We conclude from this comparison of yields that the systematic errors pre—
sent on the small acceptance data cause a factor of ~2 uncertainty in the measured
crossg section. We note that present theorecical predictions for the high-Et rates
are also subject to similar or even larger uncertainties. We thersaforae conclude
that our global data can be used with software cuts to simulate reduced aperturs

triggers.
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In an attempt to decrease the systematic error discuesed above and to facili-
tate comparison with theoretical predictions we have used the global data to
produce cross sectione in well defined 6% and ¢ regione. The 8% acceptance
{sssuning mamsless sacondaries) was restricted to che range 120° > &% > 60 ag
abown in Fig., 2(a)., Energy that was datected within the calorimeter but outside
the 6% raonge could acill contribuce to clusters within the #* range. This cut oa
#* waes made to diminish the effects of anergy leakage out of the fiduclal area.

The chosen polar angle range had the advantage that it allowed one to perform
symmetry checks on the data, Two plea~shaped back—-to-back sectors were formed
with each sector subtending A4 = 45° in azieuth. The sectors were situated in
the up-down and left-right configuratione as viewed aleong the incident beam
direction, A compariscn of ylelds showsd a difference of a factor of I for tha
twe configurations (rhis wae after magnatic fleld kick corrections). In addition

yields from the polar angle tegionm 60° < p* < 90° were compared with those from

90* < o%* < 120", They agreed to within a fsctor of 2 also. We conclude, as bhafore,

that ylelds can be trusted typically to s fsctor of 2.

Yields from various sized ple—shaped sectors are plotted in Fig. 7. The
characteristice seen previcusly from hardware-triggered sectors are plainly
wisible: tha incressing depsodence on Br. with decreasing acceptance and the
strong dependence on aperturs size., One can also aee that no deviation from an
sxzpanential variaticn occurs at high values of E  even for small (44 = 11.25%)
slzed sectors.

5. GENERAL PROPERTIES OF EVENIS

In this section we describs general propartiss of evants obtained using the

global trigger and discuss their dependence on Et'

_ll_

The transverse energles of individual tracks were summed to form total
electromagnetic and hadronic transverse energies saparately. The ratio of thasse
two typea of transverse energles decreased from 0.8 for E: < 4 GeY vnluesr (Et ia
the sum of the two types of traneverse energy) to 0,3570.45 at Et = 10 GeV; abova
10 GeV it remalped constant. The relative importance of electromagnetic energy
at large angles for low Et events 1s qualitatively predicted by the longitudinal
phase sp;ca wodel {LPS). Also the observed value of the eleccromagnetic to
hadvonic Er. ratio at high Bt values is in & reasonable agreement with the model
predictions. However the experimental value of the ratio is gsubject to a large
syatematic erzor dus te uncertantities of the cluster forming algorithmy speci-
fically, two calorimeter tracka, one hadronic, one electromagnetic could be
formed occasionally when only a aingle hadronic track really existed. To esti-
mate the systematic error due to this we heve forceably merged closely spaced
tracks. The result was that the racic dropped by 0.10. We coneider this changa
to Tepresent a systematic error for the discussed ratio, We note that such a
systematic srror has s smell effect on hadronic multiplicities and causes
the aversge transvarse energy of a hadronic track to be changed by 100 MaV.

Ino Mg, B we show the variacion of averags hadronic calorimeter track multi-
plicity detected in the calorimeter with total transverse energy and compare it
with the predictions of the LPS and QCD models. No Et cut {other than their
energy being greatsr than 1 GeV) and no acceptance cuta have baen applied to the

calorimetar tracks. As expected an increase in omuleiplicity with toral Et gccurs.

“ﬂu rate of increase appsars to lessen as E: i increased; this i1s reminigcent

(2)

ef an effact reported previously. One can ses that the predictions of both
modals are in good agresment with data in the raoge Et < 11 GeV¥. Above 11 GeV
the LPS model predicts a largsr multiplicity than the data. This {8 a direct con~

sequence of limiting tha transverse momenta of tha secondaries in tha model.
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Even though there is an increase {n hadrooic multiplicity with E:, it is
not astrong encugh to maintaln the ratio of transverss snergy to hadtonic cluster
multiplicity at @ constant value. This 18 ehown in Fig. 9. The average ratio
approaches 0.7 GeV/c for evente with high total transverse energy in agreement

with that reported ar 300 GeV for pp and v p interactions (- 0.65 GeV(z)).

From
¥ig. 9 one can sea that the QCD madel predicts the fncrease of this ratio with Bt.
From Fige. 8 and 9 we conclude that high transverse energy events typlcally
have a large number of secondaries with each particle individually having a
relatively small amount of transverss momentum,
Event gtructure wae studied in more detall in terma of the planarity vari-

able 1,2)

which waa calculated in the transverse plane of the event. In this
projection an event axie was choeen arbicrarily and the P vector for each calert-
mater track was decomposed into components parallel and transverse to this axis.
Depoting the sum of the squared components along and trsneverss to the event
axis as A and B, then planarity is defined as P = (A-B)/(A+B). P was then
maximizad by varying the direccion of event sxis. For pencil-like back-to—~back
jets, P approaches 1 while for isotropic avents with large muleiplicity ir approaches
0. Figs. 10(a) and (b} show the observed planarity distributione for events with
7« Kt < 14 GeV and Et > l4 GaV respectively for the global data sample (sisilar
distributions were obtailned diractly from using calorimater medula responsas), It
ts clear that the majority of the events are non-planar. This is summarized in
Pig. lla where the average planarity as a function of Et in shown. In addition
the fraction of high planarity eventa (P > 0.7) with high valuas of Et 18 equal to
91 and remsias coostant. This is shown in Fig. 1lb.

In order to ses whether the high planarity avents ars primarily dus to
fluctuations of typical svents wa used the experimental data themsslves rather

than the predictions of the LPE model since the simulation of thess rare avents

-13 -

would depend heavily on the specific loput parameters of the model. Using the
experimental data overcomea this objection. We randomized the directions of

all of the calorimeter tracks independently in the transverse plane (their polar
directions were preserved). Consequently, any spatial correlacicns between
particles were destroyed. The randomization procedure was repeated until the
magnituda of tha original P, imbalance measured in the calorimeter was reproduced
to within #2X {che results did oot change significantly when this requirement wvas
relaxed to #251)}. Planarity was then recalculated using the randomized calorimeter
cracks. By performing this randomization we aim to study how the event structurs
is constrained frow energy—mcaentum condervation alone.

The effect of thie analysis is shown In Fig. 12 wheve the transverse energy
flow for eventas with Et > 15 GeV is plocted. The original data are compared to
the randomized tracks. Even though two esall excesses exisc, one near the track
with maximum traneverse energy (¢ = 0°) and one opposite to 1t (§ = 180°), from
the sizes of the excesses wa conclude that the structure of a typical high Et
avant is governed primarily by anaergy—momentum couservation.

Howevar, from Fig. 10(a) and (b) one can ses that a deficit of high planarity
randomized evants 1a produced indicating that high plaparity events are not toctally
caused by statistical fluctuations of low planarity cnes. The ;xcess of ori-
ginal high planarity avents above those produced by the randomization procedure
increases strongly with total E:. This is shown in Fig. 13, This increase is
in contrast to the constancy of the fraction of original high planarity evants
shown in Fig. llb. We conclude from Fig. 13 that approximately 40T of events
with Et > 14 GaV and P > 0,7 are caused by dynamical effeccs other than scacistical

fluctuations of large multiplicity low p, eévaots.
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[ SEARCH FOR JET-LIKE STRUCTURES

In order to seatch for Jet-like structurese within the global and limited A4
data sets we performed several cute. It is apparent from arguments presented in
the previous section that ome of the most fundamental would be Et requirement.
This view is supported by the theorstical work of Akemson and Bangtuon(lﬁ) who
have made & quantitative prediction for the minimums value of Er. sbove which hard
scattering should become the dominaot process for a given aperture. According to

thase authors the cross—over value of l'.c ts equal to

zt° = 16-Ay -+ Ad/2n [Gav],

where Ay 18 the rapidity interval and A¢ the azimuthal angle interval {ncluded in
the trigger (the value of Ezo ig, to firat approximation, independant of the c.m.
energy squared of the colllding particles). For this experiment one would not
expect to #ea jets dominating the global dsta for events with the values of Et
palow 24 GaV. Thie {s not in disagreement with the jat signal presented in the
previcous section which constituted oanly 5% of total data with E > 14 Ge¥, For
the linited 49 * acceptance dats one would expect jets to dominata above 15 GeV.

Seversl theoretical models offer explanacions for the lack of Jet dominance
in the events sslected with a global ttigser.(a'la—zu) Processes that might ob-
scute the jet signal essentilally fall into three categories:

- contribution to the measured transverse energy from fragments of apectater

j.“(li’,lﬂ)

- gluon bremsstrahlung before and after the hard lcatter(s’la’lg)

- two competing processes: & large oultiplicity tail of laur-pt type
collisions and hard scatters, with the relative contributien of the two

processes depending on the aperture of the calorimeter ttigsnr(lﬁ'zo).

- 15 -

The results from several previous experinents suggest sultable cuts on the data.

(5)

For example, a largs aparture experiment at the ISR has reported the emargence

of jeta when triggered on electromagnetic component of transverse energy aloue.

(21)

A Fermilab experimeat combined a tequiremeat of large global Et with restricted

multiplicity or with the presance of two or more energetic clulterl(3'22) (80 called
'two—high' trisgera(”) .

In order to salect jet—like evants from the background of comperling processes
we studied events selected by hardware and softwara triggers with:

A. limited apercure in the azimuth;

B, limited aperture in the polar angle;

C. a modiffed "tuo-high' trigger requirement;

D. limiced particle wultiplicity in the final state;

E. electromagnetic or hadronic Et dominating the global E:;

F. a transvarse energy cut on the secondaries.

The data presented in this section are compared with predictions of the LPS
and QCD models.

The LPS model takes into account the leading nucleon effect and correctly
reptoduces sultiplicities and P -#pectra of particles as known from bubble chamber

(23)

experinents. It also includes a long taill of large mulctiplicities in the

sultipliciey distribution which for n . > 28 is generated according to an

ch
exponential form exp (-3nch/<nch>), where B4 and (nch> are the chaxgad particle
multiplicity and the average value, respectively. In this model parcicles are
produced in an uncorrelated faghion axcept far scrict energy-momentum conservatiom
which is imposad for each generated eavent. The sodel does have ite limications;

it predicts sn avearage transverse momantum for the secondaries which does not

vary with event Et. This is in disagreement with the data (See Fig. 9). There-
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fore we will use this model with cautiocm; it will be primarily used te eatimate
the effects of energy—momentum couservation.

@4 Ic

The QCD model represents an upgraded ‘version of the 4-jet model,
takes into sccount gluon bremsstrahlung fros the initial and scattered partons.
The final state quarka {gluons decay into q-E pairs) are organized into color—
less pairs and fragmented into hadrons according to either the Fleld-Feyoman

lcheu(zs)

or phase space depending on the {ovarlant mass of the pair. The spacta=
tor quarks from the {nitial hadrona atre treated in the wodel as single partons.

In our calcularions we have used standard values of parameters as suggested
by the authors of Bef, (8), except for the after-scatter beam cutoff, l::'"n,
which value has been changed from 3 to 1 (GeWc)z. Only bard scatters with p, >
1.5 Ge¥/c ware consldered. However, most of the model predictions for event
structurs are inssnsitive to thia cutoff. The parameters of the models have basn
teken from the literaturs and have not been “tuned” to optimize agreemant with
our data.

Ao The limited A¢ aperture data

For this analyeie we !nv- salected data triggered by a depoeition of Et in
sector A of the calorimeter {see Fig. 2(b)).

The average plaparity, <P>, calculated using module responses from the
sntire calorimetetr, increases monotonically with the transverse enargy detected
in the criggering sector (Fig. 14), indicating that eventa become more Jet-1ike
with increasing Er.' This incresse ia mainly due to the collimation of particles
within the triggering sector. The increase for I!'.t valuea above & GeV 15 pre—
dicted by the QCD modsl whereas the LPS model predicts the rise at low Et'

The transverse energy flow as measured by the whole calorimeter is plotted

im Fig. 15 as a function of aximuthal angle, (4 = 0 1s defined as the center of

the triggering sector}. The low Et data agrea well with predictions of the LFS
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model. For deca with medium Ec 4 < Et < 5 GeV) both the LPS and QCD models
predict the general trends of the data; the QCD model is in becter agreement
with measured energy flow within the triggering sector (44 = 0° te 30%). Thias is
geen to be so also for the high Et data.

To satudy In greater detall the collimation effect within the triggering

secter we follow Ref. 4 and introduce the varlable pseudothrusc, T, defined as:
- -
%)) T fle-pnh’flpﬂl .

whare tha sums are carried out over the modules fo the triggering sector and a
is a unit vector along the diraction of ":31:1' The experimental size of the
triggering sector limits the range of T li:o values from 0.85 (two maximally ee—
parated tracks) to 1 (pencil-like jets). The fracticn of events with T > 0.96
rises as a function of Et (nan Fig, 16). This 18 similar to the effect seen in
Fig. 14 and once again the QCD model is successful in predicting the increased
collimation at high velues of Et. The LPS wodel ias unabla to account for this
effact bacauss of the model's method of producing large values of Et' It does
so by producinog s large oumber of low P secondaries randomly in azimuth.

We ootice that & collimation effect on tha trigger side (4 = 0°) does not
lead to a detectable increase in collimation oo the side opposite to the triggering
sactor (¢ = 180*). Transverse energy flows for low— and high-T events are very
similar (Fig. 17}, Both energy flowa agree well with QCD predictions.,

Results for the limited A4 rrigger presented here were obrained for events
selected by a hardware trigger. We cbtaino gimilar distribucions from s software
accaptance cut imposed on the global deta. We conclude that the globsl data with
software cute can be used not only to derive cross sections for smseller apertures
as shown In Section 3 but also to study eveal structure in detail. This will bae

used axtensivaly in the following analysas.
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B. The limited BA* aperture data

For this analysis we used exclusively the pulase height information from
the calorimeter modules. We have introduced software acceptance cuts on the
global data. Tha global trigger acceprance wasd reduced to approximately 63°
< a* { 110" (ap* = 5,0 sT), as showm in Fig. 2(c).

The event structure does net changs with Et when no acceptance cuts are
applied to the glabal d.ltl(l) (See Fig. 11}, The "reduced™ global data obtained
by applying the above cut do however exhibit a statistically significant shift
towards larger planarity values for Et > 12 GeV. This 1s shown 1n Fig. 18 whera
planarity distributions {using wodules from the entire calorimeter} are shown as
a function of B: (calculated using modules from the limited acceptance alone).
The increass in the number of high planarity events is ewmphasized in Fig. 19
where cthe average planarity and the fraction of high plaasrity events 1s shown
as & function of E: (calculated as before). A comparison with the LPS and QCD
model predictions is also shown. As noted in tha limited A¢ analyels, the LPS
model does not predict the increased collimation. In contrast cto this the QCD
model predicts a substantial increade in planarity at high values of Et.'

We note that the QCD model also predicts increasingly planar events for
evants detected using the full calorimeter acceptance {(see Fig. 11), We conclude
from a comparison of Fige. Ll and 19 that decreasing the polar acceptance of the

calorimeter diminishes the non—jet like event structure preasent in the experimantal

data. The source of this structure could be for example, beasm and rtarget fragments,

The Lncrease of <P> is alsc observed when <P> is calculated using only thosa
modules which are included in the Testricted accaptance. Both effects ars also
predent when calorimeter tracks rather than module responses are used. The in-
crease in <{P> is therefora oot due to effects such as granularicy of the calori-

natarv.
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€. Modifled 'two high' trigger

This analysis was based on software cute imposed on the global daca and 1t
also used calorimeter medule responaes.

We have divided the calorimeter into eight regions (see Fig. 2(d)} each
covering approximately A4 = 90° and A% = 35* with A0% ranging from 0.9 sr to
1.2 sry In addition to demanding a high valye of E: in the entire calorimecer
wa Tequired the value of transverse energy in two of the eight groups to exceed
a certaln threshold, E:hr. Since there was 0o conetralat on the relacive
alignaent of these two chosen groups, any of the 28 combination of pairs may
occur. Only eight of thess combinacions correspond to kinematically favored
'back to back' and 'back-antfback' coafigurations in the $ and 6* angles. 1In
Fig. 20 we plot the fractiom of global El: triggers fulfilling the additional
Ttwo-high' requirement as a function of E:hr. A 3 GeV cutoff selects only 5
of all evants with Et > 12 Ge¥, 70 of which correspoml to "back to back' or 'back
to antiback' configurations. The LPS mcdel predicts thias tread well indicating
that such eveat structurs is doeminated by energy-momectum considerations rather
than jec production. This is confirmed fn Fig. 21 where the average planarity of
evaots selacted by this mecthod increases with E:hr. We conclude that there is no

ovearvhelaing evidence that & "two~high”™ type trigger unambiguously selects events

caused by hard scattering.

D. Limited particla wmulriplicicy in the fingl state

For this analysis we used hadronic calorimetar tracks rather than module
responsad; oo acceptance cuts were applied to tha data. The multiplicity and
planarity were determined for esach evant. Average planarity values for low and
high multiplicity events were then plotted {see Fig. 21). The increase in
(21,22)

planarity for low multiplicity events confirms a result reported esrlier

uning all calorimater tracks, slactromsgnatfc and hadronic. Tha diffarence be—
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twsen the mesn planarities for low and high wultiplicity events is parcially due
to the correlation between planarity and multiplicity and 13 at least qualitatively
predicted by both the LPS and the QCD models. Consequently, it is difficult te
asses whether the increase at high E: is due mainly to kinematic effects or has

a deeper dynamic origin.

K. Electromagnetic and hadronic componants of global Et

In Section 3 we described how a calorimeter track was designated to be
electromagnetic (em} or hadroaic (had). The transverss energies of the individual
tracks were sunmed to form total electromagnetic and hadronic energies separately
- had

“t and B respectively). The sud, E

¢ -4 Em, was equal to the total trans-

t t
Yerse energy 1o the event, E:.

In Pig. 23(a) we show the dependence of average planarity (caleulated uaing
all tracks) am a functionm of !:' rather than total Et. One seed a rise in
planarity for l:- values above 6 GeV. A similar trend has alrsady beea reported

(5). A wignificant rise in tha average planaricy value is

by an ISR sxperimant
also abserved as a function of x:“ (Plg. 23(b)). This is the first tima that
such a risa has been seen am a fupction of hadronic transverse enetgy.

We have checked this result by studying how tha avarage planarity varies
as a function of transverse energy deposited in the electromagnetic calorimecer
modules {(rather than using calorimetar tracks), A similar effect is seen and wa
conclude that the affect is not introduced by the algoritbs that forms and sepa~
rates electromagnetic and hadronlc tracks.

In ao attempt to underscand the origin of the effect we have divided events
with a given tocal Et into thres categoriee: those with a dominant fraction of
slectromagnetic soergy (E:‘IEc > 0,6), those with a dominant hadrenic asnergy
(8P%4/E_ > 0.8) and the rematotug events (0.2 < EJE, < 0.6). Tha fraction of
- (l:“

svents with z:'/nt > 0.6 (I:‘dllt > 0.8) iocreasss with It ), ss axpacted

- 21 ~

from simple kinematic constraints. Therefore we might expect the ilncrease of

had

. observed in Fig. 23, to reflect the difference between maan

<P> with BT ot E
planarities for events with large and medium values of the ratle E?/Et .(E!:!dl!.t),
respectivaly.

In Fig, 24 we plot averapgs planerity as & funcrion of tocal Et. far the thres
categories of avants. Indeed at all values of Et evente dominated by one typs of
enargy have larger values of average planarity than the more balanced events. Tha
difference betwean the average planarities for the two data sets 1ls constant as &
function of !t (see Fig. 25) up to Et u 17 GeV and only then atarta to ilocrease.

Events dominated by one type of enargy are characterized by smaller total
particle myltiplicices than the remaining events. This fact 18 consistent with
the positive correlation between charged and neutral pion multipli:itins(zn
known from .Lou-p: physice. Howevar it L& aot clear to what extent the observed
correlation batwvean <P> and the ratio E:-’!Er. (E:‘d/lt) reflects correlations
batween planarity sad particle multiplicity discussed in the previous section.
The LPS model fails to predict. an increass of <P> with E:‘ or E:’d. The model
correctly reproduces the difference between <P> for balanced and unbalanced events
up to !t { 10 GeV, but contrary to the data, predicts the differance to disappear
with Et.

We have aleo calculated two additional values of the planarity wvariable
for each event using electromagnetic and hadronic tracks separately and atudiad
their dependence on the correspending type of transveree energy. The fncreasa

of average plavarities of a given type at large tranaverss enargies was found

to ba stacisticslly insignificanc.
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F. Et cut on secoondaries

The increase in planarity obeerved in events that were restricted to limited
acceptances (in ¢ or 8%} 1a suggeative of a reduction of a possible source of
"soft” background. This could aleo be rhe explanation of the increased planarity
for constant multiplicity aveats. To investigate this further we have attempted
to winimize the effect of low Py secondaries by imposing the raquiraﬂant Py >
0.5 GeV/c on all calorimeter tracks, The resulting variation of averaga plan#rity
with event Et is shown in Fifg, 26, No increase in planarity le observable for
high E: avents; in fact little change occurs in the avent structure whea such a
cut 18 applied (c.f. Fig. 1l1).

Thera is also no indication of an increase with Et in the fractionm of total
lt carried by the most energetic or two ;ost energetic calorimeter tracks (¥Fig.
27). An inctease has been observed at higher ensrsies(“—r).

used in refs. (4-7) correspond in sire to jats rather than to single particles as
in the case in our analyels. The obsarved trend in our data is in agreemant with
‘the predictions of both the LPS and QCD modaels.
From the studies described iz this section we conclude that the datas show

a strong indication for the emergence of jec-like event structure even at the

low incident momentum of 400 GeV/c. Several different cuts on the data
(reatricting the azimuth or polar angle acceptance of the apparatua, limiting

the particle mulciplicicy, dividing events into alectromagnetic and hadronic
portions) produce effectd that cannot be described by an extrapolation of uncor—
Aralated luu—pt phenomena, We interprat thia as evidence for the onset of jet

production (B: > 14 GaV).

However the 'clustars'
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7. PROPERTIES OF PLANAR EVENTS

In order to atudy the properties of eventa with planarity values greater
than 0.7 we formed several variables using the transverse momenta assoclated
with the calorimeter tracks.

Firatly we formed for each hadronic calorimeter track the variable xp -

ZE:‘dlEt whare E d was the transverse energy of the track and E: was the total

c
energy detected in the calorimeter. From Fig. 28 we ses that the xp distribution
for low and high planarity events differ coamiderably., In Fig. 28(c) a compari-
son Ls made with the scaled hadron energy spectrum from e+e‘ annihilations at

(28}

14 GeV center—of-mass energy. One can see that the high planarity events
from this experimest resemble the two—jet events produced in e+e- collislons.
The E557 data do lie eystematically below the e+e- distributions by almost a
factor of 2 but this is probably due to the calorimeter registering only a frac-
tion of the away side jet, contrary to the e+e_ situation, where both jets are
racorded (one can see this effect in the transverse energy flow plots e.g. Fig.
15). Therefore tha xp distributions from thie experiment are expacted to have
lowsr multiplicities.

The QCD model correctly reproduces the changes in the character of the
distribution with increaging planarity, but overestimates the demsity of energetic
particles for P > 0.7 (see Fig. 28{c)}.

In ¥ig. 29 we show how high planarity (P > 0.7} events change in structure
ans EE is incressed., At low Et‘(Et < 7 GeV) the xp distribution 1is stronogly
affected by single particlae (xp = 1}; from Et = 7 to 20 GeV only s small change
in structure occurd. The slight "softening” of the distributiocn is in agreement

with data from a previocus cxpcrtnnut.(IO)
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Wea have inveatigated the jet structure within an event by dividing the eveat
iato two halves in the transverse plane. Tc¢ do this an axie perpendicular to
the planarity axis was used, Then, vector swums of the calorimeter tracks momenta
were formed., The directious of these smums formed, by definition, the twe jet
directions. The distribution of the projection of calorimeter tracks momenta
onto the jet direction was very similar to the xp distributions, The distribu-
tion of the tracks moments perpendicular to the jat direction 1s shown 1o Fig.
30, It can be seen that the high planarity eventa arae more collinated, &s ex-
pacted. One can mee that "jets” from this experiment appear to be somewhat wider

thao those seen in 14 GeV center—of-mase energy c.,.... collisions, (29

B, SUMMARY
We hava presented results from an experiment which etudied the production
of high transverss anergy events in pp collisiouns at a center—of-mass energy
of 27.4 GeV. Only a small fractioa of events exhibit jet-like structurse.
We have sstimated that approximately half of thoss events are caused by dynamical
affacts other than statlstical fluctustions of large mulciplicity ].Dw-pt evants,
We have imposed saveral differant restrictions on the data in order to
salact an unbiasad ssmple of events with jet-like structurs. Hat‘ay of the cuts
e.g. restricting the azimuth or polar sngle acceptance of the apparatus, limiting
particles sultiplicity, dividing events iato electromagnetic and hadrealc portions
produce effects that cannot be described by an extrapolation of uncorrelated
lo\r-pt ph.nmnn, On the other hand many aspacts of the data agree qualitatively
with the pradictions of the QCD~gluon bremsstrahlung model. We conclude therefore
that the data show an indication for the smergence of jet-like event structure’
aven at the incident momentum of 400 GeV/c. However, due to large background, a

more quantitstiva separation of fet signal ramains very wmodel dependent.
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FIGURE CAPTIONS 6.

1.

2.

4,

5.

The Fermilab Multiparticle Spectrometer, EA and EB are two multicelled
Cerenkov counters whose cutputs were not used in the analysis repeorted

here.

A front-face schesatic view of tha electromagnetic and the upstream hadronic
sections of the calotrimeter. In (a) center-of-mass production angles for
wagsleaa secondaries are shown; in (b) che two limited 44 apertures, "A"

aod "B used to form hardware criggers are shown; in (¢) the modules used

in the linited polar angle acceptance analysis are indicated; in {d) the
module groups used in the modified "two-high" analyais (sea text) are shown.
Invariant differential cross sections for the production of hadronie clusteras
lﬁ the pseudorapidity range 1.852 < nLAB < 3.92. Only statistical errors ara
shown; aystanatic errors are estimated to change the results by approximatcely
+20% for Et values greater than 2.5 GeV. Tha aolid line is the result of
parametrizing the world data for the single particle production of "t. It, 9.
p and p'a (Ref. 13). The dotted line is a fit to single charged parcicle datas
(the sum of wt, Kt, P and p) measured st 90* in the center-of-mass (Ref. 14}.
The world data parsmatrization did wot include the data from Ref. 14,

Hadronic cluster multiplicity distribution, Statistical arrors (Qertical 10.
lines) and systematic uncertainties (horizontal pareathesis) are both showm.
The line ia a fit to the data reported in Ref, 15.

Yields detected in eectors A (triangles, AG* = 1.65 sr) and B {dote, A% =
0.70 sr) of the calorimeter as a function of transverse euergy io the re-

spective sectors. Statistical ecrrors only are shown. The uncertainty in the

Et scala is estimated to bs 25X,
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A comparison between yields obtained using a hardware trigger (cfrcles) and
by applying a software acceptance cut to the global data set (crosses).

Ouly statistical errors are shown. The two sets of data are for a) Sector

A (AQ* = 1,65 ar) and b) Sector B (A% = 0,7 ar).
Yielda obtained by applying software acceptance cut of 2.82 ¢ AR < 3.92

to the global data. The circles, full triangles, full equares, open tri-

angles, dots and open squares refer to data obtalned with 2%, ¥, /2, w4,

«/8 and »/l6 azimuthal acceptances respectively. For reasons of clarity,

the resultm from the x , #/2, w/4, »/8 and »/16 acceptances have been multi-

1 -2 -3 ~4

plied by 1071, 1072, 1072, 107% and 107> respectively. Only statiscical

arrors are shown. The uncertainty in the Et scale is estimated to be 15X,
The average hadronie cluster multiplicity detected in the calorimeter. The
solid and dotted curves are the predictions of the LPS and QCD models re-

aspectively.
uncartainties (vertical parenthesis) are both shown.

Statistical arrors (vertical lines) and systematic

Tha depsandence of the average transverse snergy of hadronic clusters on the
total transvaras energy detected in the calorimeter. Statistical errora
(vertical lines) and systematic uncertainties (vertical parenthesis) atre
both shown. The dotted curve 18 the prediction of the GCD model.
Flanarity distributions for evencs with a) medium values of transverse
energy (14 > Et > 7 GeV) and b) high values of transvarse energy (Ec > 14

GeV). The original dets (dots) and randomized data (crosaes) are both ghown.

l1l.a) Average plavarity {calculated using the global data) as a function of trane-

verse energy detected in the totsl calorimater. The sclid and dotted curves

are the predictions of the LP3 and QCD models respectively.
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b) The fraction of events in the global data set that possess planarity values
greater than 0.7 as & function of transverse energy detected in the cotal
calorimeter. The solid and dotted lices are the predictions of the LPS and

QCD models respectively.

Traneverss enargy flow as a function of azimuthal angle as measured from

the track with maximum trsnsverss snergy, The orfginal data {points) and &

fit to the randomized data (solid line) are shown. The transverse energy of
the maximun Zt track is not included in this plot.

The fraction of events with P > 0.7 that remain with P > 0.7 afrer randomi-

zation. Scatflatical arrors only are shown,

Average planarity as a function of Et for aevents obtained using a limited

A trigger. Planarity was calculated ueing rhe responces from all modules;

Et was formed using the responses from triggering modulas alone. The solid

and dotted curves ara the predictifons of the LPS and QCD models respactively.

Mormalized transverse snergy flows vs. szimuthal angle as measured from

center of the triggering sactor. Low {2 < B < 3 GeV), medium (4 < E, < 5 GaV)

and ‘high !t (6 < B: < 8 GeV) dats sets are shown. Et is the transverse energy
datected in the triggering sector alone. The solid and dotted lines arerprt-
dictions of tha LPS and QCD modals respectively.

The fraction of events with psaudothrust greater than 0.96 as a function of
EL' Et is the transverse energy detected in the triggering eector.

Normalized tranaverse energy flows for events with high and low pssudothrust
values (T > 0.96 and T < 0,96 respectively). 4 « 0" corresponds to the centar
of the triggering mector.

Planarity distributions for the limited 8* accaptance global data. The thres
Et ranges (6 to 9 Ge¥, 9 to 12 GaV and 12 to 15 GeV) wars calculated using

only the responses from the modules within & reduced #* aperturs.

19.
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23,

16.

17.

3.

a) The average planarity of events and b) the fraction of high planarity
evants as a function of E: calculated using the responses from the modules
within a teduced 0% aperture. The aclid and dotted curves are the pfedictionl
of the LPS and QCD models respectively.

Fraction of events with Et > 12 GeV and with two limited accaptance regions
both possessing Et > E:hr. The #01id and dotted curves are predictions of the
LPS And QCD modala respectively.

Avarage plaparity of avents with Et > 12 GeV and with two limited acceptance
regions both possessing B: > Ezht. The seolid and dotted curves are pre~
dictions of the LPS and GCD sodels raespectively.

Average planarity {calculated using all calorimeter tracks) for events

with low and high hadronic track mulciplicicty,

Average planarity (calculated using all calorimster tracks) as a function

of the total a) elactromagnetic and b) hadrooic transverse energy datected

in the calorimstar. Only statistical srrors are shown.

Average planarity for events with relatively high values (dots) and wedium
valuas (crossas) of a) slectromagnetic and b} hadronic transverse energy as

a functicn of tha total transvarse suergy in the calorimeter.

The difference i{n average plamarity for events with high and medium values of

a) alectronagnetic and b) hadronic traneverse energy. The Et ranges used

had

e an had
were a) Et Ilt > 0.6, 0.2 < E, IEE < 0.6 and b} B, IE: > 0.8, 0.4 < E,

/
Et <0.83.

Average planarity, calculated using only secondaries with P, > 0.5 GeV/c,
as & function of Et {calculated using all trackaj.

Fraction of the total Et that the highest E ctrack possesses {crosses)

and ths psir of highast lt tracks possasses (circles).
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Scaled transverse energy distributions for hadronic tracks from high trane—
verse energy events (E: > 14 GeV) with a) low, b) medium and ¢) high values
of planarity. The full curve i{n c) 18 ete” data (see Ref, 28); the dotted
curve is the prediction of the QCD modal. Only sratiatical errcrs are

shown. Systematic uncaertainties are estimated at 1201.

Scalad transverse enargy distributioos for hadronic tracks from high planarity

(P > 0.7) evants. Distributions for events with Et < .7 GeV (triangles), -
7< B.t < 14 GeV {crcesas) Er. > 14 GeV (dots). Ouly statisticsl errors are
shown,

Distributions of the component of hadronic track momenta perpendicular to
the ~jet” direction, Data from low (P < 0.3), medium (0.3 <P <0.7) and
high (P > 0.7) planarity events ars shown. Data are for avents with Et > 14

GaV. The full curve is I+l- dats {sse Raf, 29).
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